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NG2 cells, also referred to as oligodendrocyte precursor cells (OPCs) or polydendrocytes, 
represent a major resident glial cell population that is distinct from mature astrocytes, 
oligodendrocytes, microglia, and neural stem cells and exist throughout the gray and 
white matter of the developing and mature central nervous system (CNS). While their 
most established fate is the oligodendrocyte, they retain lineage plasticity in an age- and 
region-specific manner. During development, they contribute to 36% of protoplasmic 
astrocytes in the ventral forebrain. Despite intense investigation on the neuronal fate 
of NG2 cells, there is no definitive evidence that they contribute substantially to the 
neuronal population. NG2 cells have attributes that suggest that they have functions other 
than to generate oligodendrocytes, but their exact role in the neural network remains 
unknown. Under pathological states, NG2 cells not only contribute to myelin repair, but 
they become activated in response to a wide variety of insults and could play a primary 
role in pathogenesis. 
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INTRODUCTION 

NG2 cells represent a resident glial progenitor cell population 
that exists throughout the gray and white matter of the develop- 
ing and mature mammalian central nervous system (CNS) and 
are distinct from astrocytes, mature oligodendrocytes, microglia, 
and neural stem cells (reviewed in Nishiyama et al., 2009; Hill 
and Nishiyama, 2014). Their widespread existence in the CNS 
began to be recognized in the 1990s by immunohistochemi- 
cal labeling for NG2 and the alpha receptor for platelet-derived 
growth factor (Pdgfra). Currently, NG2 cells are considered as 
the fourth major glial cell type in the CNS, comprising 2-8% 
of all the cells in the adult CNS (Dawson et al., 2003; Peters, 
2004). These cells are often equated with oligodendrocyte precur- 
sor cells (OPCs) because of their ability to generate myelinating 
and non-myelinating oligodendrocytes. However, not all NG2 
cells differentiate into oligodendrocytes, and oligodendrocytes are 
not their only fate, as discussed below. Different names have 
been used to refer to these cells. The term OPCs is used when 
discussing their role in oligodendrocyte production, while the 
terms "NG2 cells" and "NG2 glia" are used when discussing 
their property that is not directly related to their OPC role, 
even though NG2, which is also expressed on vascular peri- 
cytes, is not an absolute marker for these cells. To avoid using 
different names to refer to the same cells in different biologi- 
cal contexts, the word "polydendrocytes" has been suggested as 
a unified name for these cells, in keeping with the names of 
other types of glia that are loosely associated with their mor- 
phology. This perspective article will discuss recent findings and 
unsolved questions related to the astrocyte and neuronal fate of 
NG2 cells and their role in brain pathophysiology, primarily in 
the rodent CNS. 



THE FATE OF NG2 CELLS 

NG2 cells expand their population by extensive self-renewal. After 
their peak proliferation during the perinatal period, they retain 
their proliferative ability throughout life (Figure 1). 

OLIGODENDROCYTE FATE 

The general consensus from a series of Cre-loxP-mediated genetic 
fate mapping studies is that under normal physiological condi- 
tions, NG2 cells in the adult CNS generate oligodendrocytes as 
they continue to self renew (Figure 1) (Dimou et al., 2008; Rivers 
et al, 2008; Kang et al, 2010; Zhu et al., 2011; Young et al, 2013). 
It is unlikely, however, that every NG2 cell will differentiate into 
an oligodendrocyte at some point during the life of the animal, 
as their uniform distribution does not parallel the distribution of 
oligodendrocytes (Dawson et al., 2000; Tomassy et al., 2014). It 
remains to be explored whether all NG2 cells are equivalent in 
their ability to generate oligodendrocytes or whether there is a 
subpopulation that is fated to permanently remain as NG2 cells. 

ASTROCYTE FATE AND LINEAGE PLASTICITY OF NG2 CELLS 

During development, the fate of NG2 cells is not restricted to 
oligodendrocytes. NG2 cells contribute to 40% of the proto- 
plasmic astrocytes in the gray matter of the ventral forebrain 
(Zhu et al, 2008, 2011; Huang et al., 2014). The magnitude 
and the temporal and spatial distribution of protoplasmic astro- 
cytes observed in these studies are quite distinct from the other 
observations where a small number (1~5%) of sporadically 
distributed reporter-l- astrocytes were seen from Ohg2-creER 
and Pdgfra-CreER fate mapping in adult (Dimou et al, 2008; 
Tripathi et al., 2010). Two independently generated tamoxifen- 
inducible NG2-creER transgenic mouse lines (BAC transgenic 
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FIGURE 1 | A schematic showing the fate of NG2 cells 
throughout development. The middle diagram depicts self-renewing 
NG2 cells, with a chronological scale across the top. Black arrows 
indicate the rate of proliferation, which is greatest perinatally. Blue 
upward arrows indicate oligodendrocyte differentiation, peaking during 



the third postnatal week. Purple downward arrows indicate 
astrocyte differentiation, which occurs predominantly before birth and 
gradually ceases shortly after birth. The thickness of the arrows 
denotes the extent of differentiation. Modified from Nishiyama 
(2007). 



and knock-in) indicate that astrocyte generation from NG2 cells 
is most robust prenatally and tapers off during the first postnatal 
week (Figure 1) (Zhu et al, 2011; Huang et al, 2014), consis- 
tent with the chronology of astrocyte development. This suggests 
that the astrocyte fate of NG2 cells is a physiological develop- 
mental function and not due to radial glial expression of NG2 
as suggested in Richardson et al. (2011). None of the other fate 
mapping studies had attempted to induce Cre prenatally. The rea- 
son why NG2 cells lose their astrogliogenic ability shortly after 
birth could be due to a density-dependent mechanism that regu- 
lates astrocyte production (Nakatsuji and Miller, 2001; Zhu et al., 
2012). 

Are NG2 cells that do not generate astrocytes during early 
development permanently committed to generating oligoden- 
drocytes? The following observation suggests that under normal 
conditions, they are restricted to the oligodendrocyte lineage, 
but that they retain the ability to become astrocytes under cer- 
tain conditions. When the oligodendrocyte transcription factor 
Ohg2 that is required for NG2 cell specification (Rowitch, 2004; 
Richardson et al, 2006), was deleted in all NG2 cells, there was a 
complete fate switch from oligodendrocytes to astrocytes in the 
neocortex but not in the ventral forebrain, resulting in severe 
hypomyelination (Zhu et al, 2012). When Ohg2 was deleted in 
early postnatal NG2 cells, only 50% of the Ohg2-deleted neocor- 
tical NG2 cells switched their fate to astrocytes (Zhu et al, 2012). 



In the adult, deletion of OKg2 did not convert them into astro- 
cytes, even in response to a stab wound (Komitova et al., 2011), 
nor was there increased astrocyte generation from NG2 cells in 
OKg2-creER heterozygous mice (Dimou et al., 2008), although 
the former study had used an inefficient Cre reporter. Thus, lin- 
eage restriction of NG2 cells appears to occur gradually during the 
first few postnatal weeks. Even after oligodendrocyte specification 
has occurred during embryogenesis, NG2 cells in certain regions 
retain some degree of context-dependent lineage plasticity, which 
is gradually lost in later postnatal life. 

NEURONAL FATE OF NG2 CELLS 

The neuronal fate of NG2 cells has been one of the most 
highly debated topics, and Cre-loxP-mediated genetic fate map- 
ping studies have produced inconsistent findings. For example, 
two studies using Pdgfra-CreER or PLP (proteolipid protein)- 
CreER transgenic mouse lines observed reporter-l- neurons in the 
piriform cortex (Rivers et al., 2008; Guo et al., 2010), while a sub- 
sequent study using an independent line of Pdgfra-CreER mice 
did not find any evidence for a neuronal fate (Kang et al., 2010). 
Earlier studies using NG2- and Ohg2-Cre driver mice showed no 
evidence for neurogenesis (Dimou et al, 2008; Zhu et al., 2008; 
Komitova et al., 2009; Zhu et al, 201 1), while a recent study using 
the same NG2-creER mice showed a few reporter-l- neurons in 
the hypothalamus (Robins et al., 2013). What is the significance 
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of detecting reporter+ neurons in these fate mapping studies? 
Is the extent of neurogenesis from NG2 cells sufficiently large 
to bring about a physiological effect in the neural network? The 
findings must be interpreted in proper context without overem- 
phasizing observations where sporadic reporter+ neurons are 
found. 

The following example illustrates one of the caveats of the Cre- 
loxP technology that spurious transient activation of Cre in an 
unrelated cell could lead to reporter expression in that cell in the 
absence of lineage progression. In NG2-cre:zeg mice generated by 
crossing constitutively active NG2-cre mice (Zhu et al., 2008) to 
the zeg reporter mice (Novak et al., 2000), a significant number 
of reporter+ neurons appeared in the neocortex after P45 but 
not at P14 (Figures 2A,B). To determine whether reporter+ neu- 
rons arose as a result of lineage progression from NG2 cells or 
due to direct Cre expression in neurons, the zeg reporter plas- 
mid was in utero electroporated directly into neuronal precursors 
of NG2-cre single transgenic mice at E13.5, and the appearance 
of reporter-l- neurons was examined (Figure 2C). The plasmid 
would be retained in neurons that are undergoing their last cell 
division and lost from glial cells as they undergo multiple divi- 
sions (Bai et al., 2003). The expression of the reporter in neurons 
would suggest direct Cre activation in neurons. A DsRed plas- 
mid was co-electroporated to mark the transfected cells. When 
the electroporated mice were sacrificed at P70, all the DsRed+ 
neurons also expressed EGFP (Figures 2D-F), and no NG2 cells 
expressed EGFP or DsRed. This suggests that there was tran- 
sient Cre (and possibly NG2) expression in neurons, and that 
the duration of Cre expression was sufficient for Cre-mediated 
recombination to allow EGFP expression from the zeg plasmid 
but not sufficiently long-lasting to be detected by Cre immuno- 
histochemistry or in situ hybridization. It is possible that certain 
physiological conditions cause a spike in NG2 transcription, 
which is too transient to be detected in NG2-DsRed transgenic 
mice (Zhu et al, 2008). Furthermore, no transitional forms 
between NG2 cells and neurons could be observed, unlike the case 
for NG2 cells transitioning into astrocytes (Zhu et al, 2012) or 
oligodendrocytes (Figure 2G). 

In the new NG2 cell fate mapping study using the NG2creER 
knockin mice crossed to ROSA-tdTomato reporter, Huang et al. 
(2014) observed reporter-l- neurons with electrophysiological and 
morphological properties of neurons in the non-neuronogenic 
regions of the forebrain. By contrast, very few reporter-l- neu- 
rons were found when the same mice were crossed to the less 
efficient RSOA-YFP reporter. Since these neurons appeared with- 
out evidence of proliferation, it is unlikely that they arose from 
NG2 cells, as previously reported (Clarke et al., 2012), but rather 
by some form of Cre-dependent DNA recombination that had 
occurred in neuronal cells. The Huang study also highlights 
the different outcomes of studies using Cre reporter lines with 
different efficiencies. Development of a novel, Cre-independent 
method is needed to resolve the question of the neuronal fate of 
NG2 cells. 

RELATIONSHIP OF NG2 CELLS TO NEURAL STEM CELLS 

The adult SVZ consists of a heterogeneous population includ- 
ing GFAP+ neural stem cells (type B cells), transit-amplifying 



cells (type C cells), and neuroblasts that migrate to the olfactory 
bulb via the rostral migratory stream (type A cells) (Gonzalez- 
Perez and Alvarez-Buylla, 2011). Many early studies were focused 
on testing the then attractive hypothesis that NG2 cells corre- 
sponded to multipotential neural stem cells in the SVZ (Nunes 
et al., 2003; Aguirre and Gallo, 2004), based on the observa- 
tion that they could be induced to differentiate into astrocytes 
and neurons under certain culture conditions (Roy et al, 1999; 
Kondo and Raff, 2000). However, further examination of NG2 
cells and the SVZ revealed that NG2 cells comprise a minority 
of cells, located mostly at the periphery of the SVZ, and are dis- 
tinct from the Dlx2-expressing type C cells or neuroblasts that 
express Doublecortin (Komitova et al., 2009; Platel et al., 2009; 
Richardson et al., 201 1). These studies also showed that NG2 cells 
are distinct from GFAP+ neural stem cells (type B cells) (Rivers 
et al, 2008; Komitova et al, 2009; Chojnacki et al., 201 1), in con- 
trast to an earlier study that showed expression of Pdgfra on type 
B cells (Jackson et al, 2006). Neural stem cells do generate NG2 
cells, but this fate of neural stem cells seems to be a minor fate 
compared with their neurogenic fate and is highly region-specific. 
Interestingly, a recent real-time imaging study of the fate of sin- 
gle cells unequivocally demonstrated that neural stem cell clones 
that generate NG2 cells do not generate neurons and are primar- 
ily found in the dorsal SVZ, while those that generate neurons are 
more enriched in the lateral SVZ and do not generate NG2 cells 
(Ortega et al., 2013). Thus, there appears to be an early segrega- 
tion of neuronal and oligodendrocyte lineages in the SVZ. Under 
normal conditions, only SVZ type C cells, but not NG2 cells, pro- 
liferate in response to epidermal growth factor (EGF) (Doetsch 
et al, 2002; Hill et al., 2013). However, under pathological con- 
ditions such as EGF overexpression or demyelination, EGF can 
redirect SVZ type C cells to become NG2 cells (Aguirre et al., 
2007; Ivkovic et al., 2008; Jablonska et al., 2010; Galvez-Contreras 
et al., 2013). These observations can be explained if EGF recep- 
tor becomes upregulated on a small population of cells that are in 
transit from SVZ type C cells to becoming NG2 cells. 

THE ROLE OF NG2 CELLS IN THE NORMAL CNS 

Why has the mammalian brain evolved to maintain such a uni- 
formly distributed glial cell type? Recent studies have revealed 
that new oligodendrocytes and myelin continue to be produced 
in the mature CNS (Zhu et al, 2011; Young et al, 2013) and a 
significant amount of activity-dependent myelin plasticity occurs 
in the adult (Zatorre et al, 2012; Hill and Nishiyama, 2014). 
NG2 cells also generate non-myelinating perineuronal oligoden- 
drocytes whose somata lie apposed to neuronal somata (Penfield, 
1924). Although the role of the perineuronal oligodendrocytes 
is not clear, they can produce myelin in response to demyelina- 
tion (Ludwin, 1979) and could be providing neurotrophic and 
metabolic support for neurons (Taniike et al, 2002; Fiinfschilling 
etal, 2012; Lee et al, 2012). 

NG2 cells are evenly distributed to cover the entire mature 
CNS parenchyma (Dawson et al, 2000). In vivo imaging in 
2-3-month-old neocortex revealed non-overlapping territories 
occupied by adjacent NG2 cells, and their processes appeared to 
be contact-inhibited (Hughes et al., 2013). Another study using 
fixed hippocampi from 3-4-week-old rats showed that NG2 cells 
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FIGURE 2 | Lineage-dependent and independent reporter expression in 
Cre-loxP fate mapping. (A,B) Double labeling for GFP and the neuronal 
marker NeuN in the neocortex of NG2cre:zeg mice at P14 (A) and P70 (B). 
NeuN+ GFP+ cells with mature neuronal morphology (arrows) are seen as 
well as NeuN- GFP+ NG2 cells (arrowheads) in P70 but not in P14 cortex. 
(C-F) Transfection of zeg reporter plasmid into neuronal precursor cells in 
NG2cre single transgenic mice. (C) Scheme showing co-transfection of 
DsRed and zeg plasmid DNA into the lateral ventricles of E13.5 NG2cre 
single transgenic mice by in utero electroporation and positioning the 
electrodes to target the dorsal pallium. (D-F) GFP expression in 
electroporated neurons at P70. All the GFP+ cells were neurons that had 



been electroporated (DsFied+), and no GFP+ glial cells were detected. This 
experiment demonstrates that Cre is activated directly in neocortical neurons 
of NG2cre mice at some point between P14 and P70, leading to GFP 
expression in neurons. Unlike the case for oligodendrocytes shown in G, 
there were no GFP+ cells that appeared to be in transition from NG2 cells to 
neurons. (G) Corpus callosum from P70 NG2creEFi:YFP mice 14 days after 
Cre induction with 4-hydroxytamoxifen. A cell that appears to be transitioning 
from an NG2 cell (NG2+ YFP+) into an NG2- oligodendrocyte (NG2- YFP+) 
with weak NG2 immunoreactivity in the processes (arrowheads) is seen next 
to a typical NG2 cell that robustly expresses NG2 (arrow). Inset shows single 
labeling of the cell marked by arrowhead for NG2. 



were tiled but shared approximately 5% of the volume with adja- 
cent NG2 cells (Xu et al., 2013). It is not clear whether the extent 
of overlap between processes of neighboring NG2 cells changes as 
the brain matures. Regardless, the uniform distribution of NG2 
cells would suggest a yet uncovered homeostatic role in the CNS. 

NG2 cells interact uniquely with neurons in that they depolar- 
ize in response to receiving direct synaptic input from neuronal 
axons (Bergles et al., 2000). However, the extent of depolar- 
izations is not sufficient to elicit repetitive action potentials, 
and thus NG2 cells are still considered as non-excitable glial 
cells. While the physiological consequences and significance of 
neuron-NG2 cell synapses remain unknown, and the nature of 
neuron-NG2 cell communication changes with age and differ- 
entiation (Maldonado and Angulo, 2014), it is likely that local 
increases in intracellular calcium play an important role in medi- 
ating downstream cellular effects (Bergles et al., 2000; Ge et al., 
2006; Hamilton et al., 2010; Haberlandt et al, 201 1). 

THE ROLE OF NG2 CELLS IN PATHOLOGY 
REPAIR OF DEMYELINATING LESIONS 

It is well established that NG2 cells proliferate and differenti- 
ate into myelinating oligodendrocytes and repair demyelinated 
lesions (Di Bello et al, 1999; Watanabe et al, 2002; Tripathi 
et al., 2010). It still remains to be shown whether replenishment 



of the NG2 cell population can be a cause for remyelination 
failure under certain conditions. While repeated acutely demyeli- 
nated lesions undergo successful remyelination (Penderis et al., 
2003), other studies suggest that NG2 cells can become depleted 
after acute demyelination (Keirstead et al, 1998) and their repop- 
ulation may not occur fast enough to meet the demands of 
chronic ongoing demyelination (Mason et al, 2004). Recruitment 
of new NG2 cells could occur by proliferation of local NG2 cells 
and/or migration and differentiation of cells from the SVZ (Nait- 
Oumesmar et al., 1999; Picard-Riera et al., 2002; Etxeberria et al., 
2010; Tepavcevic et al. , 20 1 1 ) . However, evidence is not yet strong 
that these SVZ-derived cells are capable of fully differentiating 
into remyelinating cells to the extent that local NG2 cells are. 

ACTIVATION OF NG2 CELLS IN OTHER TYPES OF LESIONS 

NG2 cells undergo increased proliferation and dramatic morpho- 
logical changes in response to a wide variety of acute CNS insults 
besides demyelination, including spinal cord injury (McTigue 
et al., 2001; Jones et al., 2002), ischemia (Zhang et al, 2013), 
excitotoxic injury (Bu et al., 2001; Wennstrom et al., 2004), and 
viral infection (Levine et al, 1998). The time course of their 
"activation" and their "reactive morphology" or the extent of 
proliferation varies depending on the nature of the insult, but 
the functional significance for these diverse morphological and 
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proliferative changes is not known. For example, it is not known 
whether the shorter, thicker processes reflect increased uptake of 
extracellular fluid/ions or increased phagocytic activity. Nor is it 
known whether the increased number of thin, elongated process 
after viral infection reflect a search for something or deregulated 
cytoskeleton. In vivo imaging has revealed that NG2 cell processes 
are highly dynamic (Hughes et al, 2013; Hill et al., under revi- 
sion), but it is not known what they are seeking besides axons to 
myelinate. 

In most cases of acute injury, NG2 cell responses occur early, 
within 24 h (Watanabe et al, 2002; Horky et al, 2006; Simon et al., 
2011), which is similar to or slightly lags behind the time course 
of microglial response and a few days before reactive astroglio- 
sis becomes apparent. Some forms of insult such as excitotoxic 
injury seem to elicit a greater microglial response than NG2 
cell response. NG2 cells exhibit a close spatial relation to astro- 
cyte processes and microglial somata (Nishiyama et al., 2002; 
Hamilton et al, 2010; Xu et al., 2013), and the latter becomes 
more pronounced in response to injury (Nishiyama et al., 1997; 
Bu et al., 2001; Wu et al., 2010). Future studies can be directed to 
studying how the three types of reactive glia signal to each other 
to achieve a concerted response specifically tailored to each type 
of injury. 

NG2 CELLS IN PATHOGENESIS 

The inherent ability of NG2 cells to remain in cell cycle through 
life also makes them susceptible to neoplastic transformation. 
Although the cell of origin of glioblastoma multiforme contin- 
ues to be debated, cell fate mapping of neural stem cells or NG2 
cells with deletions in p53 and NF1 genes revealed that neoplas- 
tic changes begin to occur in NG2 cells and not in neural stem 
cells (Liu et al, 2011). Intriguingly, early proliferative foci arise in 
perineuronal locations in gray matter rather than in white matter 
tracts where glioma cells are known to expand and disseminate, 
suggesting a proliferative paracrine signal imparted by neurons. 

Several recent studies have shown that metabolic defects in 
oligodendrocytes can precede neurodegeneration in amyotrophic 
lateral sclerosis (ALS) (Lee et al, 2012; Kang et al., 2013; Philips 
et al, 2013), strongly suggesting a pathogenic role for oligoden- 
drocytes. In addition, a direct pathogenic role for NG2 cells has 
been shown at the neurovascular interface. In a cerebral hypop- 
erfusion model, metalloproteinase-9 (MMP-9) is secreted from 
NG2 cells in the vicinity of vascular endothelial cells, leading to 
degradation of the endothelial tight junction protein ZO-1 and 
breakdown of the blood-brain barrier (Seo et al., 2013). These 
findings highlight the importance of the oligovascular niche in 
normal and pathological conditions that could be an important 
topic of future investigations (Maki et al, 2013; Miyamoto et al., 
2014). 

REFERENCES 

Aguirre, A., Dupree, J. L., Mangin, J. M., and Gallo, V. (2007). A functional role for 
EGFR signaling in myelination and remyelination. Nat. Neurosci. 10, 990-1002. 
doi: 10.1038/nnl938 

Aguirre, A., and Gallo, V. (2004). Postnatal neurogenesis and gliogenesis in 
the olfactory bulb from NG2-expressing progenitors of the subventric- 
ular zone. /. Neurosci. 24, 10530-10541. doi: 10.1523/JNEUROSCI.3572- 
04.2004 



Bai, J., Ramos, R. L., Ackman, J. B., Thomas, A. M., Lee, R. V., and LoTurco, 
J. J. (2003). RNAi reveals doublecortin is required for radial migration in rat 
neocortex. Nat. Neurosci. 6, 1277-1283. doi: 10.1038/nnll53 

Bergles, D. E., Roberts, J. D., Somogyi, R, and Jahr, C. E. (2000). Glutamatergic 
synapses on oligodendrocyte precursor cells in the hippocampus. Nature 405, 
187-191. doi: 10.1038/35012083 

Bu, J., Akhtar, N., and Nishiyama, A. (2001). Transient expression of the NG2 
proteoglycan by a subpopulation of activated macrophages in an excitotoxic 
hippocampal lesion. Glia 34, 296-310. doi: 10.1002/glia.l063 

Chojnacki, A., Mak, G., and Weiss, S. (2011). PDGFRalpha expression dis- 
tinguishes GFAP- expressing neural stem cells from PDGF-responsive neural 
precursors in the adult periventricular area. /. Neurosci. 31, 9503-9512. doi: 
10.1523/JNEUROSCI.1531-1 1.2011 

Clarke, L. E., Young, K. M., Hamilton, N. B., Li, H., Richardson, W. D., and Attwell, 
D. (2012). Properties and fate of oligodendrocyte progenitor cells in the cor- 
pus callosum, motor cortex, and piriform cortex of the mouse. /. Neurosci. 32, 
8173-8185. doi: 10.1523/JNEUROSCI.0928-12.2012 

Dawson, M. R., Levine, J. M., and Reynolds, R. (2000). NG2-expressing cells in the 
central nervous system: are they oligodendroglial progenitors? /. Neurosci. Res. 
61, 471-479. doi: 10.1002/1097-4547(20000901)61:53.3.CO;2-E 

Dawson, M. R., Polito, A., Levine, J. M., and Reynolds, R. (2003). NG2-expressing 
glial progenitor cells: an abundant and widespread population of cycling cells 
in the adult rat CNS. Mol. Cell Neurosci. 24, 476-488. doi: 10.1016/S1044-7431 
(03)00210-0 

Di Bello, C. I., Dawson, M. R., Levine, J. M., and Reynolds, R. (1999). Generation 
of oligodendroglial progenitors in acute inflammatory demyelinating lesions of 
the rat brain stem is associated with demyelination rather than inflammation. 
/. Neurocytol. 28, 365-381. doi: 10.1023/A:1007069815302 

Dimou, L., Simon, C, Kirchhoff, E, Takebayashi, H., and Gotz, M. (2008). Progeny 
of 01ig2 -expressing progenitors in the gray and white matter of the adult mouse 
cerebral cortex. /. Neurosci. 28, 10434-10442. doi: 10.1523/JNEUROSCI.2831- 
08.2008 

Doetsch, E, Petreanu, L., Caille, I., Garcia- Verdugo, J. M., and Alvarez- Buy 11a, A. 
(2002). EGF converts transit-amplifying neurogenic precursors in the adult 
brain into multipotent stem cells. Neuron 36, 1021-1034. doi: 10.1016/S0896- 
6273(02)01133-9 

Etxeberria, A., Mangin, J. M., Aguirre, A., and Gallo, V. (2010). Adult-born SVZ 
progenitors receive transient synapses during remyelination in corpus callosum. 
Nat Neurosci. 13, 287-289. doi: 10.1038/nn.2500 

Fiinfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., 
et al. (2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal 
integrity. Nature 485, 5 1 7-52 1 . doi: 10. 1038/naturel 1007 

Galvez-Contreras, A. Y., Quinones-Hinojosa, A., and Gonzalez-Perez, O. (2013). 
The role of EGFR and ErbB family related proteins in the oligodendrocyte spec- 
ification in germinal niches of the adult mammalian brain. Front. Cell. Neurosci. 
7:258. doi: 10.3389/fncel.2013.00258 

Ge, W. P., Yang, X. J., Zhang, Z., Wang, H. K., Shen, W, Deng, Q. D., et al. 
(2006). Long-term potentiation of neuron-glia synapses mediated by Ca2+- 
permeable AMPA receptors. Science 312, 1533-1537. doi: 10.1126/science. 
1124669 

Gonzalez-Perez, O., and Alvarez- Buylla, A. (2011). Oligodendrogenesis in the sub- 
ventricular zone and the role of epidermal growth factor. Brain Res. Rev. 67, 
147-156. doi: 10.1016/j.brainresrev.2011.01.001 

Guo, E, Maeda, Y, Ma, J., Xu, J., Horiuchi, M., Miers, L., et al. (2010). Pyramidal 
neurons are generated from oligodendroglial progenitor cells in adult piri- 
form cortex. /. Neurosci. 30, 12036-12049. doi: 10.1523/JNEUROSCI.1360- 
10.2010 

Haberlandt, C., Derouiche, A., Wyczynski, A., Haseleu, J., Pohle, J., Karram, 
K., et al. (2011). Gray matter NG2 cells display multiple Ca2+-signaling 
pathways and highly motile processes. PLoS ONE 6:el7575. doi: 10.1371/jour- 
nal.pone.0017575 

Hamilton, N., Vayro, S., Wigley, R., and Butt, A. M. (2010). Axons and astrocytes 
release ATP and glutamate to evoke calcium signals in NG2-glia. Glia 58, 66-79. 
doi: 10.1002/glia.20902 

Hill, R. A., and Nishiyama, A. (2014). NG2 cells (polydendrocytes): listeners to the 
neural network. Glia 62, 1195-1210. doi: 10.1002/glia.22664 

Hill, R. A., Patel, K. D., Medved, J., Reiss, A. M., and Nishiyama, A. (2013). NG2 
cells in white matter but not gray matter proliferate in response to PDGE 
}. Neurosci. 33, 14558-14566. doi: 10.1523/JNEUROSCI.2001-12.2013 



w w w.f ro ntiersin.org 



June 2014 | Volume 8 | Article 133 | 5 



Nishiyama et al. 



NG2 cells in brain physiology and repair 



Horky, L. L., Galimi, E, Gage, F. H., and Horner, P. J. (2006). Fate of endoge- 
nous stem/progenitor cells following spinal cord injury. /. Comp. Neurol 498, 
525-538. doi: 10.1002/cne.21065 

Huang, W., Zhao, N., Bai, X., Karram, K., Trotter, J., Goebbels, S., et al. (2014). 
Novel NG2-CreERT2 knock-in mice demonstrate heterogeneous differentiation 
potential of NG2 glia during development. Glia 62, 896-913. doi: 10.1002/glia. 
22648 

Hughes, E. G., Kang, S. H, Fukaya, M., and Bergles, D. E. (2013). Oligodendrocyte 
progenitors balance growth with self-repulsion to achieve homeostasis in the 
adult brain. Nat. Neurosci. 16, 668-676. doi: 10.1038/nn.3390 

Ivkovic, S., Canoll, P., and Goldman, J. E. (2008). Constitutive EGFR signal- 
ing in oligodendrocyte progenitors leads to diffuse hyperplasia in postna- 
tal white matter. /. Neurosci. 28, 914-922. doi: 10.1523/JNEUROSCI.4327- 
07.2008 

Jablonska, B., Aguirre, A., Raymond, M., Szabo, G., Kitabatake, Y., Sailor, K. A., 
et al. (2010). Chordin-induced lineage plasticity of adult SVZ neuroblasts after 
demyelination. Nat. Neurosci. 13, 541-550. doi: 10.1038/nn.2536 

Jackson, E. L., Garcia- Verdugo, J. M., Gil-Perotin, S., Roy, M., Quinones-Hinojosa, 
A., VandenBerg, S., et al. (2006). PDGFR alpha-positive B cells are neural 
stem cells in the adult SVZ that form glioma-like growths in response to 
increased PDGF signaling. Neuron 51, 187-199. doi: 10.1016/j.neuron.2006. 
06.012 

Jones, L. L., Yamaguchi, Y, Stallcup, W. B., and Tuszynski, M. H. (2002). NG2 is 
a major chondroitin sulfate proteoglycan produced after spinal cord injury and 
is expressed by macrophages and oligodendrocyte progenitors. /. Neurosci. 22, 
2792-2803. 

Kang, S. H., Fukaya, M., Yang, J. K., Rothstein, J. D., and Bergles, D. E. (2010). 
NG2+ CNS glial progenitors remain committed to the oligodendrocyte lin- 
eage in postnatal life and following neurodegeneration. Neuron 68, 668-681. 
doi: 10.1016/j.neuron.2010.09.009 

Kang, S. H, Li, Y, Fukaya, M., Lorenzini, I., Cleveland, D. W., Ostrow, L. W., 
et al. (2013). Degeneration and impaired regeneration of gray matter oligo- 
dendrocytes in amyotrophic lateral sclerosis. Nat. Neurosci. 16, 571-579. doi: 
10.1038/nn.3357 

Keirstead, H. S., Levine, J. M., and Blakemore, W. F. (1998). Response of the 

oligodendrocyte progenitor cell population (denned by NG2 labelling) to 

demyelination of the adult spinal cord. Glia 22, 161-170. 
Komitova, M., Serwanski, D. R., Lu, Q. R., and Nishiyama, A. (2011). NG2 cells are 

not a major source of reactive astrocytes after neocortical stab wound injury. 

Glia 59, 800-809. doi: 10.1002/glia.21152 
Komitova, M., Zhu, X., Serwanski, D. R., and Nishiyama, A. (2009). NG2 cells 

are distinct from neurogenic cells in the postnatal mouse subventricular zone. 

/. Comp. Neurol. 512, 702-716. doi: 10.1002/cne.21917 
Kondo, T., and Raff, M. (2000). Oligodendrocyte precursor cells reprogrammed 

to become multipotential CNS stem cells. Science 289, 1754-1757. doi: 

10.1 126/science.289.5485. 1754 
Lee, Y, Morrison, B. M., Li, Y, Lengacher, S., Farah, M. H., Hoffman, 

P. N., et al. (2012). Oligodendroglia metabolically support axons and 

contribute to neurodegeneration. Nature 487, 443-448. doi: 10.1038/ 

nature 113 14 

Levine, J. M., Enquist, L. W., and Card, J. P. (1998). Reactions of oligodendrocyte 
precursor cells to alpha herpesvirus infection of the central nervous system. Glia 
23,316-328. 

Liu, C, Sage, J. C, Miller, M. R., Verhaak, R. G., Hippenmeyer, S., Vogel, H., et al. 
(2011). Mosaic analysis with double markers reveals tumor cell of origin in 
glioma. Cell 146, 209-221. doi: 10.1016/j.cell.2011.06.014 

Ludwin, S. K. (1979). The perineuronal satellite oligodendrocyte. Acta Neuropathol. 
47, 49-53. doi: 10.1007/BF00698272 

Maki, T, Liang, A. C, Miyamato, N., Lo, E. H., and Arai, K. (2013). Mechanisms 
of oligodendrocyte regeneration from ventricular-subventricular zone-derived 
progenitor cells in white matter diseases. Front. Cell. Neurosci. 7:275. doi: 
10.3389/fncel.2013.00275 

Maldonado, P. P., and Angulo, M. C. (2014). Multiple modes of communica- 
tion between neurons and oligodendrocyte precursor cells. Neuroscientist. doi: 
10.1177/1073858414530784. [Epub ahead of print]. 

Mason, J. L., Toews, A., Hostettler, J. D., Morell, P., Suzuki, K., Goldman, J. E., 
et al. (2004). Oligodendrocytes and progenitors become progressively depleted 
within chronically demyelinated lesions. Am. J. Pathol. 164, 1673-1682. doi: 
10.1016/S0002-9440(10)63726-1 



McTigue, D. M., Wei, P., and Stokes, B. T. (2001). Proliferation of NG2-positive 
cells and altered oligodendrocyte numbers in the contused rat spinal cord. 
/. Neurosci. 21, 3392-3400. 

Miyamoto, N., Pham, L. D., Seo, J. H., Kim, K. W., Lo, E. H, and Arai, K. (2014). 
Crosstalk between cerebral endothelium and oligodendrocyte. Cell. Mol. Life Sci. 
71, 1055-1066. doi: 10.1007/s00018-013-1488-9 

Nait-Oumesmar, B., Decker, L., Lachapelle, F., Avellana-Adalid, V., Bachelin, C, 
and Van Evercooren, A. B. (1999). Progenitor cells of the adult mouse sub- 
ventricular zone proliferate, migrate and differentiate into oligodendrocytes 
after demyelination. Eur. ]. Neurosci. 11, 4357-4366. doi: 10.1046/j.l460- 
9568.1999.00873.x 

Nakatsuji, Y, and Miller, R. H. (2001). Density dependent modulation of cell 
cycle protein expression in astrocytes. /. Neurosci. Res. 66, 487-496. doi: 
10.1002/jnr.l240 

Nishiyama, A. (2007). Polydendrocytes: NG2 cells with many roles in development 
and repair of the CNS. Neuroscientist 13, 62-76. doi: 10.1177/10738584062 
95586 

Nishiyama, A., Komitova, M., Suzuki, R., and Zhu, X. (2009). Polydendrocytes 

(NG2 cells): multifunctional cells with lineage plasticity. Nat. Rev. Neurosci. 10, 

9-22. doi: 10.1038/nrn2495 
Nishiyama, A., Watanabe, M., Yang, Z., and Bu, J. (2002). Identity, distribution, 

and development of polydendrocytes: NG2-expressing glial cells. /. Neurocytol. 

31, 437-455. doi: 10.1023/A:1025783412651 
Nishiyama, A., Yu, M., Drazba, J. A., and Tuohy, V. K. (1997). Normal and reactive 

NG2+ glial cells are distinct from resting and activated microglia. /. Neurosci. 

Res. 48, 299-312. 

Novak, A., Guo, C, Yang, W., Nagy, A., and Lobe, C. G. (2000). Z/EG, a 
double reporter mouse line that expresses enhanced green fluorescent pro- 
tein upon Cre-mediated excision. Genesis 28, 147-155. doi: 10.1002/1526- 
968X(200011/12)28:3/4<147::AID-GENE90>3.0.CO;2-G 

Nunes, M. C, Roy, N. S., Keyoung, H. M., Goodman, R. R., McKhann, G. 2nd., 
Jiang, L., et al. (2003). Identification and isolation of multipotential neural pro- 
genitor cells from the subcortical white matter of the adult human brain. Nat. 
Med. 9, 439-447. doi: 10.1038/nm837 

Ortega, F., Gascon, S., Masserdotti, G., Deshpande, A., Simon, C, Fischer, J., et al. 
(2013). Oligodendrogliogenic and neurogenic adult subependymal zone neural 
stem cells constitute distinct lineages and exhibit differential responsiveness to 
Wnt signalling. Nat. Cell Biol. 15, 602-613. doi: 10.1038/ncb2736 

Penderis, J., Shields, S. A., and Franklin, R. J. (2003). Impaired remyelination and 
depletion of oligodendrocyte progenitors does not occur following repeated 
episodes of focal demyelination in the rat central nervous system. Brain 126, 
1382-1391. doi: 10.1093/brain/awgl26 

Penfield, W. (1924). Oligodendroglia and its relation to classic neuroglia. Brain 47, 
430-452. doi: 10.1093/brain/47.4.430 

Peters, A. (2004). A fourth type of neuroglial cell in the adult central nervous 
system./. Neurocytol. 33, 345-357. doi: 10.1023/B:NEUR.0000044195.64009.27 

Philips, T., Bento-Abreu, A., Nonneman, A., Haeck, W., Staats, K., Geelen, V., et al. 
(2013). Oligodendrocyte dysfunction in the pathogenesis of amyotrophic lateral 
sclerosis. Brain 136, 471-482. doi: 10.1093/brain/aws339 

Picard-Riera, N., Decker, L., Delarasse, C, Goude, K., Nait-Oumesmar, B., 
Liblau, R., et al. (2002). Experimental autoimmune encephalomyelitis mobi- 
lizes neural progenitors from the subventricular zone to undergo oligoden- 
drogenesis in adult mice. Proc. Natl. Acad. Sci. U.S.A. 99, 13211-13216. doi: 
10.1073/pnas.l92314199 

Platel, J. C, Gordon, V., Heintz, X, and Bordey, A. (2009). GFAP-GFP neural pro- 
genitors are antigenically homogeneous and anchored in their enclosed mosaic 
niche. Glia 57, 66-78. doi: 10.1002/glia.20735 

Richardson, W. D., Kessaris, N, and Pringle, N. (2006). Oligodendrocyte wars. Nat. 
Rev. Neurosci. 7, 11-18. doi: 10.1038/nrnl826 

Richardson, W. D., Young, K. M., Tripathi, R. B., and McKenzie, I. (2011). NG2- 
glia as multipotent neural stem cells: fact or fantasy? Neuron 70, 661-673. doi: 
10.1016/j.neuron.2011.05.013 

Rivers, L. E., Young, K. M., Rizzi, M., Jamen, F., Psachoulia, K., Wade, A., et al. 
(2008). PDGFRA/NG2 glia generate myelinating oligodendrocytes and piri- 
form projection neurons in adult mice. Nat. Neurosci. 11, 1392-1401. doi: 
10.1038/nn.2220 

Robins, S. C, Trudel, E., Rotondi, O., Liu, X., Djogo, X, Kryzskaya, D., et al. 
(2013). Evidence for NG2-glia derived, adult-born functional neurons in the 
hypothalamus. PLoS ONE 8:e78236. doi: 10.1371/journal.pone.0078236 



Frontiers in Neuroscience | Neurogenesis 



June 2014 | Volume 8 | Article 133 | 6 



Nishiyama et al. 



NG2 cells in brain physiology and repair 



Rowitch, D. H. (2004). Glial specification in the vertebrate neural tube. Nat. Rev. 
Neurosci. 5, 409-419. doi: 10.1038/nrnl389 

Roy, N. S., Wang, S., Harrison-Restelli, C, Benraiss, A., Fraser, R. A. R., Gravel, 
M., et al. (1999). Identification, isolation, and promoter-defined separation 
of mitotic oligodendrocyte progenitor cells from the adult human subcortical 
white matter. /. Neurosci. 19, 9986-9995. 

Seo, J. H., Miyamoto, N., Hayakawa, K., Pham, L. D., Maki, T., Ayata, C., et al. 
(2013). Oligodendrocyte precursors induce early blood-brain barrier opening 
after white matter injury. /. Clin. Invest. 123,782-786. doi: 10.1172/JCI65863 

Simon, C., Gotz, M., and Dimou, L. (201 1). Progenitors in the adult cerebral cortex: 
cell cycle properties and regulation by physiological stimuli and injury. Glia 59, 
869-881. doi: 10.1002/glia.21156 

Taniike, M., Mohri, I., Eguchi, N., Beuckmann, C. T., Suzuki, K., and Urade, 
Y. (2002). Perineuronal oligodendrocytes protect against neuronal apoptosis 
through the production of lipocalin-type prostaglandin D synthase in a genetic 
demyelinating model. /. Neurosci. 22, 4885-4896. 

Tepavcevic, V., Lazarini, R, Alfaro-Cervello, C., Kerninon, C., Yoshikawa, K., 
Garcia- Verdugo, J. M., et al. (201 1). Inflammation-induced subventricular zone 
dysfunction leads to olfactory deficits in a targeted mouse model of multiple 
sclerosis./. Clin. Invest. 121, 4722-4734. doi: 10.1172/JCI59145 

Tomassy, G. S., Berger, D. R., Chen, H. H., Kasthuri, N., Hayworth, K. J., Vercelli, 
A., et al. (2014). Distinct profiles of myelin distribution along single axons of 
pyramidal neurons in the neocortex. Science 344, 319-324. doi: 10.1126/sci- 
ence. 1249766 

Tripathi, R. B., Rivers, L. E., Young, K. M., Jamen, R, and Richardson, W. D. 
(2010). NG2 glia generate new oligodendrocytes but few astrocytes in a murine 
experimental autoimmune encephalomyelitis model of demyelinating disease. 
/. Neurosci. 30, 16383-16390. doi: 10.1523/JNEUROSCI.3411-10.2010 

Watanabe, M., Toyama, Y., and Nishiyama, A. (2002). Differentiation of prolifer- 
ated NG2-positive glial progenitor cells in a remyelinating lesion. /. Neurosci. 
Res. 69, 826-836. doi: 10.1002/jnr.l0338 

Wennstrom, M., Hellsten, J., and Tingstrom, A. (2004). Electroconvulsive seizures 
induce proliferation of NG2-expressing glial cells in adult rat amygdala. Biol. 
Psychiatry 55, 464-47 1 . doi: 10. 1016/j.biopsych.2003. 11.011 

Wu, J., Yoo, S., Wilcock, D., Lytle, J. M., Leung, P. Y, Colton, C. A, et al. (2010). 
Interaction of NG2(+) glial progenitors and microglia/macrophages from the 
injured spinal cord. Glia 58, 410^422. doi: 10.1002/glia.20932 



Xu, G., Wang, W., and Zhou, M. (2013). Spatial organization of NG2 glial cells 
and astrocytes in rat hippocampal CA1 region. Hippocampus 24, 383-395. doi: 
10.1002/hipo.22232 

Young, K. M., Psachoulia, K., Tripathi, R. B., Dunn, S. J., Cossell, L., Attwell, 
D., et al. (2013). Oligodendrocyte dynamics in the healthy adult CNS: evi- 
dence for myelin remodeling. Neuron 77, 873-885. doi: 10. 1016/j. neuron. 2013. 
01.006 

Zatorre, R. J., Fields, R. D., and Johansen-Berg, H. (2012). Plasticity in gray and 

white: neuroimaging changes in brain structure during learning. Nat. Neurosci. 

15, 528-536. doi: 10.1038/nn.3045 
Zhang, R., Chopp, M., and Zhang, Z. G. (2013). Oligodendrogenesis after cerebral 

ischemia. Front. Cell. Neurosci. 7:201. doi: 10.3389/fncel.2013.00201 
Zhu, X., Bergles, D. E., and Nishiyama, A. (2008). NG2 cells generate both 

oligodendrocytes and gray matter astrocytes. Development 135, 145-157. doi: 

10.1242/dev.004895 

Zhu, X., Hill, R. A., Dietrich, D., Komitova, M., Suzuki, R., and Nishiyama, 

A. (2011). Age-dependent fate and lineage restriction of single NG2 cells. 

Development 138, 745-753. doi: 10.1242/dev.047951 
Zhu, X., Zuo, H., Maher, B. J., Serwanski, D. R., LoTurco, J. J., Lu, Q. R., et al. 

(2012). 01ig2-dependent developmental fate switch of NG2 cells. Development 

139, 2299-2307. doi: 10.1242/dev.078873 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 09 March 2014; accepted: 14 May 2014; published online: 27 June 2014. 
Citation: Nishiyama A, Suzuki R and Zhu X (2014) NG2 cells (polydendrocytes) in 
brain physiology and repair. Front. Neurosci. 8:133. doi: 10. 3389/fnins. 2014.00133 
This article was submitted to Neurogenesis, a section of the journal Frontiers in 
Neuroscience. 

Copyright © 2014 Nishiyama, Suzuki and Zhu. This is an open-access article dis- 
tributed under the terms of the Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this jour- 
nal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



www.frontiersin.org 



June 2014 | Volume 8 | Article 133 | 7 



